The sodium-taurocholate (TC) cotransporting polypeptide (NTCP) facilitates bile formation by mediating sinusoidal Na ϩ -TC cotransport. During sepsis-induced cholestasis, there is a decrease in NTCPdependent uptake of bile acids and an increase in nitric oxide (NO) levels in hepatocytes. In rat hepatocytes NO inhibits Na ϩ -dependent uptake of taurocholate. The aim of this study was to extend these findings to human NTCP and to further investigate the mechanism by which NO inhibits TC uptake. Using a human hepatoma cell line stably expressing NTCP (HuH-NTCP), we performed experiments with the NO donors sodium nitroprusside and S-nitrosocysteine and demonstrated that NO inhibits TC uptake in these cells. Kinetic analyses revealed that NO significantly decreased the V max but not the K m of TC uptake by NTCP, indicating noncompetitive inhibition. NO decreased the amount of NTCP in the plasma membrane, providing a molecular mechanism for the noncompetitive inhibition of TC uptake. One way that NO can modify protein function is through a posttranslational modification known as S-nitrosylation: the binding of NO to cysteine thiols. Using a biotin switch technique we observed that NTCP is S-nitrosylated under conditions in which NO inhibits TC uptake. Moreover, dithiothreitol reversed NO-mediated inhibition of TC uptake and S-nitrosylation of NTCP, indicating that NO inhibits TC uptake via modification of cysteine thiols. In addition, NO treatment led to a decrease in Ntcp phosphorylation. Taken together these results indicate that the inhibition of TC uptake by NO involves S-nitrosylation of NTCP. sodium-taurocholate cotransporting polypeptide TRANSPORT OF SOLUTES FROM the sinusoidal space to the canaliculus provides the driving force for bile formation (1). Bile formation, in turn, depends on the proper functioning of a number of hepatobiliary transporters present on the hepatic sinusoidal (basolateral) and canalicular (apical) membranes. NTCP, present at the basolateral membrane of hepatocytes, mediates the transport of conjugated bile salts such as taurocholate (TC) and taurochenodeoxycholate in a Na ϩ -dependent fashion using the sodium gradient produced by the Na , 13, 19, 39). Lipopolysaccharide (LPS)-induced cholestasis is associated with a decrease in TC uptake and an increase in proinflammatory cytokines such as tumor necrosis factor (TNF), interleukin-6 (IL-6), and interleukin-1␤ (IL-1␤) (6, 11, 19) . At the same time, LPS also initiates a burst of NO production by inducible nitric oxide synthase in all major cell types of the liver (11).
TRANSPORT OF SOLUTES FROM the sinusoidal space to the canaliculus provides the driving force for bile formation (1) . Bile formation, in turn, depends on the proper functioning of a number of hepatobiliary transporters present on the hepatic sinusoidal (basolateral) and canalicular (apical) membranes. NTCP, present at the basolateral membrane of hepatocytes, mediates the transport of conjugated bile salts such as taurocholate (TC) and taurochenodeoxycholate in a Na ϩ -dependent fashion using the sodium gradient produced by the Na ϩ ,K ϩ -ATPase (1, 13, 19, 39) . Lipopolysaccharide (LPS)-induced cholestasis is associated with a decrease in TC uptake and an increase in proinflammatory cytokines such as tumor necrosis factor (TNF), interleukin-6 (IL-6), and interleukin-1␤ (IL-1␤) (6, 11, 19) . At the same time, LPS also initiates a burst of NO production by inducible nitric oxide synthase in all major cell types of the liver (11) .
The roles for NO in the liver are diverse and varied. NO plays important roles in regulating hepatic blood flow including portal hypertension (11) . NO has both proapoptotic and antiapoptotic actions in the liver (31) . Additionally, NO plays important roles in alcoholic liver disease and ischemia/reperfusion injury (31) . NO has also been implicated in regulating bile formation. Whereas lower levels of NO have been linked to increased bile flow, higher levels of NO are associated with cholestasis and hepatocellular injury (5, 8, 27, 38, 40) . This concentration-dependent effect may result from different proteins that are modified by NO.
It has become increasingly evident that NO exerts many effects in cells by binding to reactive thiols on cysteine residues in a posttranslational modification known as S-nitrosylation (10) . S-nitrosylation possesses all of the characteristics of an important posttranslational modification that governs signaling. Namely, it is specific, stimulus evoked, precisely targeted, reversible, and necessary for specific cellular responses (20) . The role of S-nitrosylation in liver physiology and pathophysiology has been investigated. As in other tissues, caspases have been shown to be regulated by S-nitrosylation in the liver (22) . The enzyme methionine adenosyltransferase, a key regulator of methionine metabolism, is another enzyme that is inhibited by S-nitrosylation (7, 32) . Flavin-containing monooxygenase activity can be inhibited by nitric oxide-mediated S-nitrosylation (33) . It has also been shown that overall Snitrosylation levels increase in NO donor-treated hepatic stellate cells (29) . Recent work has shown that inhibition of nitric oxide synthesis during induced cholestasis can ameliorate hepatocellular injury by facilitating S-nitrosothiol homeostasis (23) . Despite these findings, very little work has been done investigating a role for S-nitrosylation in the regulation of hepatic transporters.
Several lines of evidence raise the possibility that NTCP function may be regulated by S-nitrosylation of one or more of its cysteine residues. Rat Ntcp has eight cysteines, of which four are conserved in human, mouse, and rabbit (45). It has been reported that thiol-binding reagents can block TC uptake in isolated rat hepatocytes (3) (4) . Moreover, a recent report demonstrated that NO can inhibit TC uptake in isolated rat hepatocytes (37) . It is, however, not known whether this inhibition of TC uptake is due to S-nitrosylation of NTCP. Thus the aim of the present study was to test the hypothesis that NO-mediated S-nitrosylation of NTCP results in decreased TC uptake. Our studies suggest that the inhibition of TC uptake by NO involves S-nitrosylation of NTCP.
MATERIALS AND METHODS
Materials. Taurocholate (sodium salt), cysteine, (ϩ)-sodium Lascorbate, dithiothreitol (DTT), S-methyl methanethiosulfonate (MMTS), and streptavidin agarose were purchased from Sigma-Aldrich (St. Louis, MO). Sodium nitrite was purchased from JT Baker Chemical (Phillipsburg, NJ). Biotin-HPDP and sulfo-NHS-LC-biotin were purchased from Pierce (Rockford, IL). Sodium nitroprusside (SNP) was purchased from Calbiochem (La Jolla, CA). An antibody for human NTCP was a gift from Dr. B. Shneider and Dr. F. Chen (Children's Hospital of Pittsburgh) (36) . An antibody for rat Ntcp was a gift from Dr. Bruno Stieger (Zurich, Switzerland). An antibody for green fluorescent protein (GFP) was purchased from Clontech (Mountain View, CA). A plasmid encoding Ntcp-GFP was a gift from Dr. J. Dranoff (New Haven, CT). [ 3 H]Taurocholate was purchased from Perkin Elmer (Shelton, CT). [ 32 P]orthophosphate was purchased from MP Biomedicals (Solon, OH). S-nitrosocysteine (SNOC) was prepared fresh by combining equal volumes of 600 mM NaNO 2 in H2O with 600 mM L-cysteine in 0.5 M HCl to yield a 300 mM stock solution of SNOC.
HuH-NTCP cell culture. HuH-NTCP cells were a generous gift from Dr. G. Gores (Mayo Clinic). HuH-NTCP cells were cultured in Dulbecco's minimum essential medium supplemented with 10% fetal bovine serum, 100,000 units/l penicillin, 100 mg/l streptomycin, and 1.2 g/l of G418 at 37°C under 5% CO 2. On experiment days, cells were incubated for 3 h in serum-free media then incubated in a HEPES assay buffer, pH 7.4 (20 mM HEPES, 140 mM NaCl, 5 mM KCl, 1 mM MgSO 4, 1 mM CaCl2, 0.8 mM KH2PO4, and 5 mM glucose) before determination of TC uptake and NTCP S-nitrosylation. Details of each experiment are provided in the figure legends.
NTCP S-nitrosylation assay. The biotin switch assay was performed as described previously with minor modifications (9) . Cell lysates treated with SNOC or prepared from NO-donor treated HuH-NTCP cells were incubated with a final concentration of 2.5% SDS and 0.2% MMTS for 20 min at 50°C with frequent vortexing to block free thiols. MMTS was removed by acetone precipitation and then the samples were resuspended in HENS buffer (100 mM HEPES, 1 mM EDTA, 0.1 mM neocuproine, 1% SDS, pH 8.0) with biotin HPDP and ascorbic acid (0.25 mg/ml and 20 mM final concentrations respectively). Samples were rotated in the dark for 1 h at room temperature. After another acetone precipitation samples were resuspended in 0.25 ml HENS/10 (HENS buffer diluted 1:10 in H2O) buffer followed by the addition of 0.75 ml of neutralization buffer (25 mM HEPES, 100 mM NaCl, 1 mM EDTA, 0.5% Triton X-100, pH 7.5). Streptavidin agarose beads (50 l) were added and samples were rocked overnight at 4°C. Samples were washed four times with wash buffer (neutralization buffer plus 600 mM NaCl) and then eluted with 30 l elution buffer (HEN/10 buffer containing 1% ␤-mercaptoethanol). After addition of an equal volume of 2ϫ SDS sample buffer plus ␤-mercaptoethanol the samples were processed for immunoblot.
Immunoblot. Following SDS-PAGE, proteins were transferred to nitrocellulose. Membranes were blocked with 5% milk in 0.1% Tween-Tris-buffered saline (TTBS) for 1 h at room temperature during rocking. A polyclonal antibody for NTCP was then added to 5% milk-TTBS and incubated with the membrane for 2 h at room temperature during rocking. After three washes with TTBS, membranes were incubated with a horseradish peroxidase-anti-rabbit secondary antibody in 5% milk-TTBS for 1 h at room temperature. Following five washes in TTBS, enhanced chemi luminescence was performed.
TC uptake. TC uptake in HuH-NTCP cells was determined as previously described (42) . Cells were treated with or without NO donors for the indicated times and then incubated with TC containing [ 3 H]TC for 2 min. The cells were then washed thrice with ice-cold HEPES assay buffer and lysed in lysis buffer (20 mM Tris, 150 mM NaCl, 1% Triton X-100, 1 mM EDTA, 1 mM EGTA, 2.5 mM sodium-pyrophosphate, 1 mM ␤-glycerophosphate, plus protease inhibitors, pH 7.5). Aliquots of cell lysate were counted for radioactivity and used for protein determination. TC uptake was expressed in nanomoles per minute per protein. To determine the type of inhibition of TC uptake by NO, TC uptake was measured at three different concentrations of SNOC (0, 0.5, and 1 mM) and over a range of TC concentrations (0, 5, 10, 20, 50, and 100 M). The resulting data were used to estimate the kinetic parameters (Km and Vmax) by fitting the data to Michaelis-Menten equation by using the data analysis software Sigmaplot (Systat Software, Point Richmond, CA). In addition, the data was subjected to Lineweaver-Burk plot to confirm the type of inhibition.
Translocation of NTCP. A cell surface biotinylation method was used to assess NTCP translocation in HuH-NTCP cells (42) . After treatment with or without SNOC for the indicated times, cell surface proteins were biotinylated by exposing hepatoma cells to sulfo-NHS-LC-biotin (0.5 mg/ml) in PBS, pH 8.0 for 45 min on ice. Cells were then washed with PBS ϩ 100 mM glycine, pH 8.0, and cell lysates were prepared. Biotinylated proteins from 50 g of total lysate were isolated by incubation with streptavidin beads. Biotinylated and total NTCP were determined by immunoblot analysis. The absence of biotinylated GAPDH was routinely monitored to ensure that intracellular proteins were not biotinylated.
Phosphorylation studies. Determination of the Ntcp phosphorylation was performed as described previously (26) with the following modifications. HuH-NTCP cells were transiently transfected with a Ntcp-GFP construct. At 48 h posttransfection, cells were switched to serum-free media for 3 h and then switched to HEPES assay buffer plus 5 mM glucose containing 0.2 mCi/ml of [ 32 P]orthophosphate for 90 min. During this time the cells were treated for the final 30 min with or without 1 mM SNOC. Cells were washed thrice with ice-cold PBS and the lysates were prepared in RIPA buffer (50 mM Tris·HCl, 150 mM NaCl, 1% Nonidet P-40, 0.5% deoxycholic acid, 0.1% SDS, pH 7.4). Then 500 g of lysate was precleared with protein A beads for 4 h during rocking at 4°C. Following the preclear step, the beads were spun down and the precleared lysate was subjected to immunoprecipitation with an antibody for Ntcp for 2 h during rocking at 4°C. Protein A beads were then added and an additional 45-min incubation at 4°C was performed. The purified immune complexes were then washed thrice with RIPA buffer. Beads were then resuspended in a 1:1 mixture of RIPA buffer-2ϫ sample buffer, and samples were boiled and loaded for SDS-PAGE. Following electrophoresis, proteins were transferred to nitrocellulose membranes, and then phosphorylation was determined by performing autoradiography on the membrane. After autoradiography was performed a GFP immunoblot was performed on the same membrane to control for the total amount of Ntcp-GFP that was immunoprecipitated.
Data analysis. Values are presented as means Ϯ SE, unless otherwise indicated. Differences between groups were analyzed by Student's t-test with P Ͻ 0.05 considered significant.
RESULTS

S-nitrosylation of NTCP in SNOC-treated HuH-NTCP lysates.
As an initial test to determine whether NTCP may be modified by NO, we treated lysates from HuH-NTCP cells with the NO donor SNOC and determined whether NTCP is susceptible to S-nitrosylation by NO. We employed a biotin switch assay to determine whether NTCP can be S-nitrosylated. This method has been widely used to determine the S-nitrosylation status of proteins (16) . Our results show that over a range of doses (0.05-10 mM) SNOC increases the S-nitrosylation of NTCP compared with the negative control samples treated without ascorbic acid (Fig. 1) . NTCP is highly glycosylated and immunoblots with this antibody recognize multiple glycosylated forms of NTCP (36) . NTCP immunoblots appear as a very fat band or three to four bands in close proximity depending on the amount of lysate loaded on gels and the length of time that the chemiluminescence reaction is allowed to occur. Note that very little if any NTCP S-nitrosylation was observed in the untreated samples, indicating min-imal NTCP S-nitrosylation under basal conditions. These results provide the first evidence, to our knowledge, that a hepatic transporter can be S-nitrosylated and raise the possibility that NTCP may be regulated via S-nitrosylation.
Characteristics of TC uptake inhibition in HuH-NTCP cells by NO. Previous studies showed that NO inhibits TC uptake in rat hepatocytes (37) . However, it is not known whether TC uptake by human NTCP is also affected similarly by NO, and recent studies suggest differences in the type of inhibition between human NTCP and rat Ntcp (21, 35) . Moreover, we needed to establish inhibition characteristics of TC uptake by NO in HuH-NTCP cells to relate the effect on NTCP Snitrosylation. Thus we first characterized the effect of NO on TC uptake in HuH-NTCP cells using two NO donors: SNP and SNOC. Time-dependent studies with 10 mM SNP and SNOC showed that both NO donors inhibited TC uptake as early as 15 min with SNOC inhibiting TC uptake to a greater degree than SNP. Maximal inhibition by SNOC occurs by 90 min whereas maximal inhibition does not occur until 210 min for SNP ( Fig. 2A) . Control experiments measuring Trypan blue exclusion and lactate dehydrogenase release indicated that these doses and treatment times were not toxic (data not shown). Concentration-dependent studies showed that SNOC was a more potent inhibitor of TC uptake. While TC uptake was inhibited by 1 and 10 mM SNOC, it was only inhibited by 10 mM SNP (Fig. 2B) . Taken together, these data indicate that NO inhibits TC uptake by human NTCP. Next we determined the type of inhibition of TC uptake.
NO inhibits TC uptake noncompetitively in HuH-NTCP cells. We determined the effect of NO on TC uptake kinetic parameters, K m and V max , to further characterize the mechanism by which NO inhibits TC uptake. For these studies, we used the more potent NO donor SNOC at 0.5 mM and 1 mM concentrations. We then measured the initial rate of TC uptake at various concentrations of TC (0 -100 M). The resulting data was fitted to Michaelis-Menten equation (Fig. 3A) to estimate the values of K m and V max in the presence and absence of the NO donor, SNOC. Kinetic parameters derived from the fitted data demonstrated that the maximal rate of uptake (V max ), but not K m , was significantly decreased by SNOC treatment ( Table 1 ). The Lineweaver-Burk plot showed that the regression lines intersected on the x-axis (Fig. 3B) . These results indicate noncompetitive inhibition of NTCP-mediated TC uptake by NO as previously reported in isolated rat hepatocytes (27) . Since a decrease in V max may result from a decrease in plasma membrane NTCP (retrieval of NTCP) among other possibilities (a decrease in functional transporter in the membrane), we determined whether NO affects plasma membrane localization of NTCP.
NO decreases plasma membrane NTCP in HuH-NTCP cells. The effect of NO on plasma membrane NTCP was determined via a biotinylation method previously used by us to study translocation of NTCP (42) . Treatment of HuH-NTCP cells with SNOC over a range of times (0 -90 min) resulted in a significant decrease in the amount of NTCP present at the plasma membrane (Fig. 4) . Total NTCP was not affected by SNOC treatment indicating that the expression of NTCP was unaffected. These data suggest that NO-induced noncompetitive inhibition of TC uptake is likely to be due to retrieval of NTCP from the plasma membrane.
DTT reverses NO-mediated NTCP S-nitrosylation and inhibition of TC uptake. One way NO exerts its actions is by binding to critical cysteine residues in a reversible process known as S-nitrosylation. It has been shown that the reducing agent dithiothreitol (DTT) can reverse the S-nitrosylation of proteins (34) . Thus, if NO-mediated inhibition of TC uptake is due to NTCP S-nitrosylation, one would expect DTT to reverse the effect of NO on TC uptake and NTCP S-nitrosylation. To test this, HuH-NTCP cells were first treated with 1 mM SNOC for 30 min. Cells were then washed and treated with or without with 2 mM DTT for an additional 15 min before determining TC uptake and NTCP S-nitrosylation. Incubation with DTT alone had no effect on TC uptake (Fig. 5) . However, SNOCinduced inhibition of TC uptake was reversed by DTT (Fig. 5) . Treatment of HuH-NTCP cells with SNOC resulted in a marked increase in the S-nitrosylation of NTCP whereas levels of S-nitrosylated NTCP in control cells was barely detectable (Fig. 6) , demonstrating NO-mediated NTCP S-nitrosylation in intact cells. SNOC-induced NTCP S-nitrosylation was completely reversed by DTT as evidenced by barely detectable NTCP signal in cells treated with DTT (Fig. 6) . The ability of DTT to reverse NO-induced NTCP S-nitrosylation and inhibition of TC uptake suggest that NO-mediated S-nitrosylation of a critical cysteine residue(s) in NTCP is involved in NOinduced inhibition of TC uptake.
SNOC treatment reduces Ntcp phosphorylation. NTCP/Ntcp is a phosphoprotein and nitric oxide has been shown to alter the phosphorylation of several proteins (28, 30, 43) . To test whether SNOC treatment alters phosphorylation of NTCP/ Ntcp, we transiently transfected HuH-NTCP cells with a Ntcp-GFP construct. Transfection with the fusion protein was necessary to avoid the heavy chain bands that interfere with detecting NTCP by Western blot. At 48 h posttransfection, cells were labeled with [ 32 P]orthophosphate. The fusion protein was then immunoprecipitated and the degree of Ntcp phosphorylation was determined by SDS-PAGE followed by autoradiography. In control experiments, we determined that GFP was not phosphorylated (data not shown). The amount of Ntcp phosphorylation was then normalized by performing a GFP immunoblot on the same membrane to determine total Ntcp-GFP. Negative control immunoprecipitations showed Fig. 1 . S-nitrosocysteine (SNOC)-induced S-nitrosylation of sodium-taurocholate cotransporting polypeptide (NTCP) in HuH-NTCP lysates. Whole cell lysates were prepared and then left untreated or treated with increasing concentrations the nitric oxide donor SNOC (50 M, 1 mM, and 10 mM). Excess donor was removed by acetone precipitation, and the biotin switch assay was performed. Samples treated without ascorbic acid served as a negative control. Biotinylated proteins were purified with streptavidin beads and resolved by SDS-PAGE. S-nitrosylated NTCP was identified by probing for NTCP in an immunoblot. S-nitrosylated NTCP is only found in lysates treated with SNOC. This blot is representative of 3 independent experiments (n ϭ 3).
that Ntcp-GFP was not immunoprecipitated with rabbit IgG. SNOC treatment showed a marked decrease in the amount of Ntcp-GFP phosphorylation (Fig. 7) , raising the possibility that NO may inhibit kinases responsible for the phosphorylation of NTCP/Ntcp.
DISCUSSION
The present study was designed to determine whether NOinduced inhibition of TC uptake involves S-nitrosylation of NTCP. A previous study had shown that rat Ntcp is inhibited with the NO donor, SNP (37) . We extend these findings and demonstrate that human NTCP is also inhibited by NO in HuH-NTCP (Fig. 2) . Kinetic analysis revealed that this inhibition was noncompetitive (Fig. 3, Table 1 ), which is also consistent with findings from rat hepatocytes (37) . This earlier Km and Vmax were calculated from data shown Fig. 3 . The Km for taurocholate (TC) did not significantly change between control cells and either 0.5 mM or 1 mM S-nitrosocysteine (SNOC)-treated cells. However, the Vmax was significantly decreased by both 0.5 mM and 1 mM SNOC (*P Ͻ 0.05). study in isolated rat hepatocytes, however, did not provide a molecular mechanism for the inhibition of TC uptake by NO nor did they test whether rat Ntcp is S-nitrosylated (37) . Consistent with our kinetic data, we observed that NO treatment leads to a decrease in the amount of NTCP present at the plasma membrane (Fig. 4) . This result led us to conclude that NO inhibits TC uptake by retrieving NTCP from the plasma membrane. We further investigated the role of S-nitrosylation in NO-mediated inhibition of TC uptake. Our studies showed that NO can S-nitrosylate NTCP. Furthermore, NO mediated S-nitrosylation of NTCP and inhibition of TC uptake were reversed by treatment with DTT, which is consistent with NO exerting an effect via modification of one or more cysteine residues. On the basis of these results we propose that inhibition of TC uptake by NO involves S-nitrosylation of NTCP. This study provides the first report, to our knowledge, that the activity of a hepatic transporter may be regulated by S-nitrosylation. The implication of this study in relation to endotoxemia and regulation of NTCP is discussed below.
During endotoxemia, a long-term decrease in bile flow is attributable to decreased transcription and expression of bile acid transporters such as Ntcp/NTCP and Mrp2/MRP2 (3, 5, 6, (37) (38) (39) . However, bile flow and transporter function are also inhibited earlier than the repression of transporter expression. Using IL-6 or TNF as a cholestatic stimulus, researchers have observed an inhibition of TC uptake preceding downregulation of Ntcp mRNA (12, 44) . In rat liver perfusion studies, LPS induces cholestasis due to an early retrieval of Mrp2 from the canalicular membrane whereas downregulation of Mrp2 mRNA is a later event (17) . This short-term regulation of bile acid transporter function is thought to occur by altering the subcellular localization of transporters. Since only the plasma membrane localized Ntcp is active in bile salt uptake, Ntcp retrieval from the plasma membrane serves as another mechanism by which bile formation decreases during sepsis-associated cholestasis (11, 19) . Indeed, both removal of Ntcp from the sinusoidal membrane and accumulation of intracellular deposits of Ntcp have been observed in cholestatic livers (11, 18) . Our data indicate that S-nitrosylation of NTCP is associated with a decrease in the amount of NTCP present at the plasma membrane. Since endotoxemia is associated with increased NO formation, the associated cholestasis and decreased hepatic uptake of bile acids may result from S-nitrosylation of NTCP. Future studies will be needed to determine whether Snitrosylation of NTCP occurs during early stages of endotoxemia.
Our study showed that S-nitrosylation of NTCP by NO is associated with altered subcellular localization of NTCP. It is becoming increasingly apparent that one way that S-nitrosylation regulates protein function is by controlling the subcellular localization of various proteins. Caspases are negatively regulated by S-nitrosylation and the majority of S-nitrosylated caspase-3 and caspase-9 is found in mitochondria (24 -25) . S-nitrosylation of GAPDH triggers binding to Siah (an E3 ubiquitin ligase), which in turn stimulates nuclear translocation and apoptosis (15) . Thus our data demonstrating that S-nitrosylation of NTCP results in altering its subcellular localization provides another example of S-nitrosylation regulating localization of proteins.
It had previously been shown that cAMP-induced Ntcp translocation to the plasma membrane is associated with dephosphorylation of Ntcp at Ser-226 in the third cytoplasmic loop (2) . We speculated that NO treatment, which decreases plasma membrane NTCP, might increase the phosphorylation of NTCP/Ntcp. Surprisingly, we found that NO treatment decreased phosphorylation of the transfected Ntcp-GFP fusion protein (Fig. 7) . The mechanism by which NO may dephosphorylate NTCP/Ntcp is speculative at this point. NO has been shown to inhibit JNK1 kinase activity in isolated rat alveolar macrophages (28) . S-nitrosylation of IKK␤ inhibits I␤ phosphorylation in alveolar type II epithelial cells (30) . Another study demonstrated that NO can reduce phosphorylation of a ␤-adrenergic receptor phosphorylation by S-nitrosylation of G protein-coupled receptor kinase 2 (43) . It is attractive to speculate that NO may inactivate a kinase responsible for phosphorylation of NTCP/Ntcp. Previous studies showed that cAMP-induced dephosphorylation of Ntcp involves activation of protein phosphatase 2B (41). Thus it is also possible that NO may activate a protein phosphatase leading to the dephosphorylation of NTCP/Ntcp. Further studies will be needed to define the mechanism by which NO dephosphorylates NTCP/Ntcp.
Our previous study showed that cAMP-induced Ntcp translocation to the plasma membrane is associated with dephosphorylation of Ntcp at Ser-226 in the third cytoplasmic loop (2) . The present study showed that NO-mediated decrease in plasma membrane Ntcp are also associated with dephosphorylation of Ntcp. This apparent discrepancy may suggest that the translocation to or retrieval from the plasma membrane may be dependent on site specific dephosphorylation. On the other hand, it is possible that translocation/retrieval and dephosphorylation are two independent events. In that case, cAMP-induced activation of the PI3K signaling pathway may primarily mediate the translocation of the Ntcp to the plasma membrane (41) , whereas the mechanism of Ntcp retrieval by NO remains to be investigated.
The present study demonstrates that NTCP is S-nitrosylated on one or more cysteine residues and S-nitrosylation of NTCP affects its function. Human NTCP has four cysteines that are conserved in rat, mouse, and rabbit (45). Mutation of cysteine 266 to alanine in either rat Ntcp or human NTCP produces a mutant Ntcp/NTCP that can still transport taurocholate (14, 45) . Treatment with thiol-binding agents blocked wild-type NTCP uptake but did not inhibit uptake in a C266A mutant (14) . These data indicate that mutation of C266 of NTCP does not abolish NTCP function but rather that C266 is a critical cysteine residue that is responsible for the sensitivity of NTCP to thiol-binding agents. Future studies will be needed to test whether C266 or other NTCP cysteines are susceptible to S-nitrosylation.
In summary, the present study showed that NO inhibits TC uptake by inducing retrieval of NTCP from the plasma membrane. The inhibition of TC uptake and most likely NTCP retrieval is due to NO-mediated S-nitrosylation of NTCP. 
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